Basic helix-loop-helix (bHLH) proteins of the Achaete/Scute (Ac/Sc) family are required for neurogenesis in both Drosophila and vertebrates. These transcription factors are commonly referred to as 'proneural' factors, as they promote neural fate in many contexts. Although Ac/Sc proteins have been studied in Hydra, jellyfish, many insects, and several vertebrates, the role of these proteins in Caenorhabditis elegans neurogenesis is relatively uncharacterized. The C. elegans genome consists of three Ac/Sc genes, previously identified as hlh-3, hlh-6, and hlh-14. Here, we characterize the role of hlh-3 in nervous system development.
Introduction
The generation and subsequent differentiation of neural precursors from embryonic ectoderm is an initial process in the formation of a functional nervous system. Basic helixloop-helix (bHLH) transcription factors of the Achaete/Scute (Ac/Sc) family and Atonal superfamily are required for this process in both Drosophila and vertebrates (reviewed by Bertrand et al., 2002) . Overall, the specific role of these proteins varies among organisms, ultimately being dependent on the cellular context of their expression. In Drosophila, expression of Ac/Sc or Atonal genes within uncommitted ectodermal cells results in competence to adopt a neural cell fate. As such, Ac/Sc and Atonal bHLH transcription factors are commonly referred to as 'proneural' factors. In general, they are both necessary and sufficient for specification of neural precursors or neural lineages. Drosophila has four founding Ac/ Sc family genes: achaete, scute, lethal of scute, and asense; as well as four Atonal superfamily genes: atonal, cato, amos, and tap (collectively known as 'proneural genes'; reviewed by Hassan and Bellen, 2000; Bertrand et al., 2002) . Loss-offunction mutations in proneural genes result in missing subsets or populations of neurons. (including the associated sensory neurons) known as macrochaete (Gomez-Skarmeta et al., 1995; reviewed by Campos-Ortega, 1998) . Likewise, mouse mammalian achaete/scute homolog 1 (Mash1) null mutants lack clonal populations of autonomic neurons (Guillemot et al., 1993; Sommer et al., 1995) . These neural deficiencies result from a lack of neural precursor generation and/or aborted differentiation and death of partially differentiated neural cells (Jimenez and Campos-Ortega, 1990; Sommer et al., 1995) . In contrast to loss-of-function effects, ectopic expression of a proneural gene results in the generation of ectopic neurons at the expense of ectoderm. Accordingly, ectopic expression of scute results in ectopic macrochaete (Rodriguez et al., 1990) . Likewise, ectopic expression of Ngn1 (Atonal superfamily) within the embryonic ectoderm of Xenopus oocytes results in ectopic neurogenesis (Ma et al., 1996) .
Considering the amenability of the Caenorhabditis elegans model system to developmental neurogenetics, it is surprising that most of the Ac/Sc family and Atonal superfamily genes have been identified on the basis of sequence homology rather than having been defined by genetic mutations (Ledent and Vervoort, 2001; Ledent et al., 2002) . A significant exception is the sole atonal ortholog, lin-32. lin-32 is required for the generation of several neuroblasts, including those that give rise to the sensory neurons of the male tail rays (Zhao and Emmons, 1995; Portman and Emmons, 2000) . Another exception is the vertebrate NeuroD (Atonal superfamily) homolog, cnd-1. cnd-1 is required for the generation and differentiation of ventral nerve cord motor neurons (Hallam et al., 2000) . Thus, based on analysis of lin-32 and cnd-1, the role of Atonal proteins in neurogenesis appears to be conserved in C. elegans.
In contrast, although Ac/Sc proteins have been studied in Hydra, jellyfish, many insect phyla, and several vertebrates (Guillemot et al., 1993; Grens et al., 1995; Galant et al., 1998; Wulbeck and Simpson, 2000; Skaer et al., 2002; Wheeler et al., 2003; Seipel et al., 2004) , the role of these proteins in C. elegans neurogenesis is relatively uncharacterized. Previous work revealed that the C. elegans genome consists of five Ac/Sc family genes (Ledent and Vervoort, 2001; Ledent et al., 2002) . However, we find that two of these genes encode bHLH proteins having a basic region characteristic of the Atonal superfamily (R.D. and A.A., unpublished) . Thus, C. elegans has only three Ac/Sc genes, previously identified as hlh-3, hlh-6, and hlh-14. Of these genes, hlh-6 expression and function is limited to the pharyngeal glands (Raharjo and Gaudet, 2007) . hlh-14 was identified in a forward genetic screen for mutants with missing hermaphrodite-specific motor neurons (HSNs) (Frank et al., 2003) . hlh-14 is required for asymmetric division of the 'ectodermal' cell, ABpl/rappp. In hlh-14 loss-of-function mutants, this cell divides symmetrically, resulting in two hypodermal daughters rather than a hypodermal daughter and the PVQ/HSN/PHB neuroblast. Thus, hlh-14 has a proneural role in neurogenesis, as it is necessary for specifying the neural fate of the founding neuroblast of the PVQ/HSN/PHB neural lineage (Frank et al., 2003) . Interestingly, hlh-14 also influences cell fate decisions at subsequent steps in this lineage, as expression of HLH-14 must persist for PVQ, HSN, and PHB to acquire their unique identities (Frank et al., 2003) . Lastly, hlh-3 was identified in a reverse genetic screen of a C. elegans embryonic cDNA expression library for proteins capable of binding the vertebrate bHLH transcription factor, E12 (Krause et al., 1997) . Preliminary characterization of hlh-3 expression revealed that it is widely expressed during embryogenesis, most likely in neural precursors (Krause et al., 1997) . Subsequently, we reported that loss of hlh-3 function following RNAi results in survival of the neurosecretory motor neuron (NSM) sister cells, cells normally fated to die following an asymmetric cell division (Thellmann et al., 2003) . This is the first example of an Ac/Sc bHLH protein having a direct role in programmed cell death. Nevertheless, unlike hlh-14, it is unclear whether hlh-3 has a role in neurogenesis.
In this study, we have characterized the role of hlh-3 in the developing nervous system. We find that hlh-3 is expressed in all neural precursors. Despite such expression, hlh-3 null mutants appear to have a mostly functional nervous system. However, these mutants are overtly egg-laying defective. We clearly show that this results from loss of functional HSN motor neurons. Although the HSNs are born in hlh-3 mutants, cells with HSN identity are often not detectable in adults. This suggests that loss of hlh-3 results in a general block in HSN differentiation. Detectable HSNs have misdirected axon projection, which appears to result from lack of netrin signaling within the HSNs (Desai et al., 1988; Garriga et al., 1993; Chan et al., 1996; Gitai et al., 2003; Adler et al., 2006) . Although defects in axon pathfinding have been previously reported for Ac/Sc and Atonal superfamily mutants in both Drosophila and vertebrates (Gonzalez et al., 1989; Tuttle et al., 1999; Goulding et al., 2000; White and Jarman, 2000) , the underlying cause of these defects is not clear. Our findings suggest a novel link between Ac/Sc bHLH proteins and the expression of genes required for proper interpretation of axon guidance cues.
Results

hlh-3 is expressed in neural precursors and neurons
As a first step in investigating the role of hlh-3 in nervous system development, we characterized hlh-3 expression using three independent reporter genes. The first is a fulllength translational fusion (hlh-3::gfp) (Krause et al., 1997;  kindly provided by M. Krause). The second and third are transcriptional fusions directing expression of cytosol-localized GFP or nuclear-localized DsRed2 (phlh-3::gfp and phlh-3::NLS::DsRed2, respectively). We find that the expression pattern of all three reporters is generally similar (data not shown).
According to a previous study by others, hlh-3 appears to be expressed in all neural precursors during embryogenesis (Krause et al., 1997) . Indeed, we find that embryonic expression of hlh-3 is widespread and complex, essentially precluding unambiguous identification of cells (data not shown). Thus, we chose to focus on postembryonic expression. Consistent with HLH-3 being a transcription factor, the translational GFP fusion is observed only in nuclei (Fig. 1) . At hatching, hlh-3 is expressed in most of the neurons of the nerve ring ganglia ( Fig. 1F and G) . This expression is undetectable by the early L1 larval stage. The most conspicuous expression during L1 is within the P cell lineages (Sulston and Horvitz, 1977) . Specifically, hlh-3 is expressed in the ectodermal-like P cells, and expression persists in the primary and secondary neural precursors of the P cell lineages (Fig.  1A-D) . In addition, it appears to be expressed in all 53 of the resulting postmitotic motor neurons (Fig. 1E) . Expression in most of these neurons is undetectable by the L2 larval stage. It is worth noting here that these neurons represent 77% of all motor neurons mediating locomotion. hlh-3 is also expressed in the HSNs and ventral type C (VC) motor neurons throughout larval development. At hatching, expression in the HSNs is weak, but peaks at the L3 larval stage and persists until the late L4 larval stage ( Fig. 1F and H) . Expression in the VCs also peaks during L3 ( Fig. 1F and H) . Notably, the HSNs and VCs represent all motor neurons mediating egg-laying behavior (Schafer, 2005) .
Overall, hlh-3 appears to be expressed in all neural precursors. Based on expression in the P cell lineages, expression generally persists through terminal cell division and disappears from postmitotic neurons shortly thereafter. However, hlh-3 is also expressed in non-neural cells such as the P cells, as well as postmitotic, differentiating neurons such as the HSNs and VCs. Thus, the spatial and temporal expression of hlh-3 suggests that it has a variety of roles in nervous system development. This is consistent with other C. elegans Ac/Sc and Atonal superfamily genes (Portman and 
2.2.
Isolation and molecular characterization of hlh-3 mutant alleles
To determine hlh-3 gene structure, we used RT-PCR to identify full-length hlh-3 cDNAs. We find that hlh-3 consists of two exons ( Fig. 2A and B) encoding a protein of 170 amino acids. Moreover, consistent with a previous report, we find that hlh-3 transcripts are trans-spliced to SL1 or SL2 ( Fig. 2B ) (Krause et al., 1997) . To isolate hlh-3 deletion mutants, we used PCR-based deletion screening of mutagenized genomic DNA pools. We identified two mutant alleles, bc248 and bc277. bc277 is a 664 bp deletion 160 bp upstream of the hlh-3 open reading frame ( Fig. 2A) . Thus, bc277 might prevent expression of hlh-3 by eliminating the transcriptional start site or cis-regulatory elements required for expression. To address this possibility, we used RT-PCR to generate hlh-3 cDNA from bc277 mutants. We find that wild-type transcripts are detectable, indicating that bc277 does not prevent hlh-3 expression (Fig.  2B ). However, as our transcript analysis was not quantitative, it is not clear whether levels of hlh-3 expression are affected by bc277. The second allele, bc248, is an 815 bp deletion spanning exon I ( Fig. 2A) . Consequently, 67% of the bHLH domain of HLH-3 is eliminated (Fig. 2C) . Interestingly, we find that an hlh-3-like transcript is generated from bc248, consisting of an anomalous upstream exon directly linked, in-frame, to exon II ( Fig. 2A and B) . Thus, bc248 could encode a protein with partial or novel function. A third allele, tm1688, was isolated by the NBP-Japan (WormBase release WS187; kindly provided by S. Mitani). tm1688 is a 1242 bp deletion spanning exon I ( Fig. 2A) . Assuming a similar anomalous transcript is generated from tm1688, the deletion would result in a frameshift at amino acid eight. All three of the mutant alleles are homozygous viable.
hlh-3 mutants are egg-laying defective
Despite the expression of hlh-3 in most neural precursors, we find that hlh-3 mutants appear to have a mostly functional nervous system (data not shown). Most surprising, based on the expression of hlh-3 in the P cell lineages, is that these mutants are not even subtly uncoordinated (Unc). However, we do find that hlh-3 mutants are overtly egg-laying defective (Egl).
Egl hermaphrodites accumulate as many as fourfold more eggs than wild-type (Desai and Horvitz, 1989) . Some of these 'unlaid' eggs contain embryos at the morphogenesis stage of development. Since eggs are normally laid when embryos are at gastrulation, this suggests that the accumulation of eggs results from retention, rather than increased production (Koelle and Horvitz, 1996) . We find that bc248 and tm1688 mutants accumulate twice as many eggs as wild-type (Fig. 3A) . Furthermore, approximately 25% of these 'unlaid' eggs contain embryos at morphogenesis (data not shown). Taken together, these findings indicate that bc248 and tm1688 mutants are Egl. In contrast, we find that bc277 mutants are not Egl (Fig. 3A) . Thus, it is unlikely that the bc277 allele affects hlh-3 expression in cells required for egg laying. As mentioned above, the bc248 allele could encode a protein with partial or novel function, possibly a protein acting as a dominant-negative. Thus, it is worth noting here that bc248 is recessive with respect to the Egl phenotype, and is thus unlikely to represent a gain-of-function allele (Fig. 3A) . Overall, we conclude that bc248 and tm1688 are loss-of-function alleles. In contrast, we find no evidence to suggest that bc277 represents a loss of hlh-3 function.
Egl mutants can be categorized as having at least one of three general defects: (1) defects in the structure of the vulva, (2) defects in the egg-laying muscles that mediate opening of the vulva, and/or (3) defects in HSN control of the egg-laying muscles. Observation of hlh-3 mutants revealed that hermaphrodites are capable of laying eggs, albeit not efficiently. This is inconsistent with a defect in the vulva or egg-laying muscles, as these types of defects prevent oviposition (Corsi et al., 2000) . However, this phenotype is consistent with an HSN defect, as laser or genetic ablation of the HSNs results in inefficient egg laying (Trent et al., 1983) . Nevertheless, to be more certain that hlh-3 mutants have an HSN defect, we used a classic pharmacological method: Egl mutants with HSN defects lay eggs in response to exogenous serotonin (5HT), but not the tricyclic antidepressant, imipramine (Trent et al., 1983; Desai and Horvitz, 1989) . Indeed, we find that hlh-3 mutants lay many eggs in response to exogenous 5HT (Table  1) , but very few eggs in response to imipramine (Fig. 3B) . Thus, hlh-3 mutants are generally insensitive to imipramine-induced egg laying. Therefore, we conclude that the 5HT-sensitive, imipramine-insensitive phenotype suggests defective HSNs.
Interestingly, we find that the imipramine insensitivity of hlh-3 mutants shows variable expressivity. In comparing individuals, 5% are very sensitive to imipramine, as defined by a wild-type-like response (92% of wild-type individuals release ten or more eggs) ( Table 1) . In contrast, 28% show weak sensitivity and 66% are completely insensitive (Table 1) . For comparison, we tested the imipramine sensitivity of egl-1(gf) mutants, which lack HSNs as a result of inappropriate cell death (Desai et al., 1988) . To our surprise, we find that there is a previously-unrecognized, HSN-independent component of imipramine sensitivity, as 7% of egl-1(gf) mutants show Note that this region is split between exons I and II. The extents of the bc248, bc277, and tm1688 deletions are indicated by horizontal bars. Note that bc248 and tm1688 eliminate most (67%) of the bHLH-encoding region. The anomalous exon found in bc248 transcripts is represented as a white box; the corresponding sequence is not associated with any C. elegans ESTs (WormBase WS187). (B) Diagram of hlh-3 transcripts identified in wild-type and hlh-3 mutants. Wild-type transcripts are trans-spliced to SL1 or SL2. Note that the bc277 allele allows wild-type transcripts, whereas the bc248 allele results in a novel transcript. (C) Amino acid sequence alignment of the bHLH domains of C. elegans HLH-3, HLH-6, and HLH-14, the Drosophila Ac/Sc proteins, and mouse MASH-1. The bHLH domain consists of a basic region and two amphipathic a-helices (Helix I & Helix II) joined by a loop region. Most of the loop residues of the Drosophila proteins have been omitted for clarity. The 11 amino acid residues conserved among all bHLH domains are highlighted red. Residues conserved among at least six of these eight Ac/Sc proteins are highlighted gray and include conservative substitutions. Residues conserved among HLH-3 and Asense and/or MASH-1 are highlighted yellow. The bHLH domain of HLH-3 is 59% identical to Asense (32/54). The residues of the bHLH domain of HLH-3 deleted as a result of the bc248 allele are underlined in black. A previously characterized missense mutation in hlh-14 is marked with an arrowhead; this is a strong loss-of-function mutation (Frank et al., 2003) .
wild-type-like sensitivity (Table 1) . Overall, the imipramine insensitivity of egl-1(gf) and hlh-3 mutants is very similar (Table 1). Thus, loss of hlh-3 appears to result in total loss of HSN function. If the imipramine insensitivity of hlh-3 mutants is due to loss of HSN function only, loss of hlh-3 should not exacerbate the imipramine insensitivity of egl-1(gf) mutants. Indeed, we find that this is the case (Table 1) . Thus, loss of HSN function fully accounts for the imipramine insensitivity of hlh-3 mutants.
2.4.
HSNs of hlh-3 mutants lack serotonin
Given the apparent loss of HSN function, we first investigated the possibility that the HSNs are missing or mislocalized. Using an HSN reporter gene (unc-86::gfp; kindly provided by C. Bargmann) to identify and localize HSN nuclei, we find that hlh-3 mutants have properly localized HSNs at the L1 larval stage (N = 30 individuals; data not shown). Thus, hlh-3 is not required for generation or migration of the HSNs. As such, we next investigated whether the HSNs have observable cellular or molecular defects. As the HSNs are serotonergic, and mutants for biosynthesis or vesicular packaging of 5HT are Egl (Sze et al., 2000; Duerr et al., 2001 ), we first addressed the possibility that HSNs of hlh-3 mutants lack 5HT. Indeed, using antibodies directed against 5HT, we find that 11% of mutant adults have two immunoreactive HSNs, 46% have one, and 42% have none (Table 2) . Thus, overall, 65% of HSNs lack 5HT (Table 2) . Consistent with this, as tryptophan hydroxylase (TPH-1) is required for 5HT biosynthesis in C. elegans (Sze et al., 2000) , we find that 65% of HSNs of hlh-3 mutants lack expression of a tph-1 reporter gene (tph-1::gfp; Sze et al., 2000) (Table 2) . Thus, we conclude that lack of 5HT biosynthesis accounts for the lack of 5HT in the HSNs of hlh-3 mutants. Interestingly, hlh-3 is not required for tph-1 expression or 5HT immunoreactivity of the serotonergic neurosecretory motor neurons (NSMs) (data not shown). Thus, hlh-3 is 
HSNs of hlh-3 mutants have misdirected axon projection
Each HSN has a single axon that follows an essentially invariant path from the cell soma to the nerve ring, and the cellular and molecular mechanisms of HSN axon pathfinding have been previously well-characterized (Desai et al., 1988; Desai and Horvitz, 1989; McIntire et al., 1992; Garriga et al., 1993; Adler et al., 2006) . Among detectable HSNs of hlh-3 mutants (i.e. 5HT-immunoreactive; recall that only a third of HSNs of hlh-3 mutants are 5HT-positive), we find that approximately 70% have grossly abnormal axon projection (Fig. 4) . Thus, hlh-3 is required for proper HSN axon pathfinding. Overall, we have observed several consistent defects. First, the majority of misdirected axons project laterally, as opposed to proper ventral projection towards the vulva and ventral nerve cord (Fig. 4A-C and E) . Second, some misdirected axons appear to wander aimlessly (Fig. 4D) . Third, although rare, an additional axon sometimes projects posteriorly from the cell soma (Fig. 4D) . Finally, we find that misdirected axons lack obvious varicosities (Fig. 4A and C) . As inappropriate lateral projection of HSN axons is characteristic of defects in netrin signaling (Desai et al., 1988; Chan et al., 1996) , we next investigated the possibility that HSNs of hlh-3 mutants have a defect in netrin receptor expression.
HSNs and VCs of hlh-3 mutants lack unc-40 expression
Previous work by others has revealed that UNC-40, the C. elegans netrin receptor ortholog, functions within the HSNs to mediate UNC-6 attractive cues for ventral projection of HSN axons via a conserved signal transduction pathway (Garriga et al., 1993; Chan et al., 1996; Gitai et al., 2003; Adler et al., 2006; Chang et al., 2006) . As mutations in unc-40 result in abnormal lateral projection of HSN axons and an Egl phenotype (Desai et al., 1988) , this suggests that hlh-3 mutants might lack netrin signaling within the HSNs. To address this possibility, we characterized the expression of an unc-40::gfp reporter gene (kindly provided by J. Culotti) in an hlh-3 mutant background. As unc-40::gfp is expressed in many cells near the vulva, it was often difficult to unambiguously identify the HSNs, particularly because the ventral nerve cord, as well as several commissures and lateral axons are GFP-positive (Fig.  5A) . Nevertheless, we are certain that at least 25% of HSNs lack UNC-40::GFP expression ( Fig. 5A,C ; solid arrows). More strikingly, 75% of VCs lack expression of this reporter (Fig.  5A ,C, and D; open arrows). The significance of this is unclear, as a role for unc-40 in these neurons has not been reported.
Interestingly, in examining 5HT immunoreactivity in hlh-3(bc248); unc-40::gfp animals, we find that all 5HT-positive HSNs are also UNC-40::GFP-positive (Fig. 5B-D) . This suggests that HSNs lacking 5HT and UNC-40::GFP are cells that failed to commit to HSN differentiation. Moreover, we find that some UNC-40::GFP-positive HSNs have misdirected axons (Fig. 5D) . As UNC-40::GFP is a functional fusion (Chan et al., 1996) , this suggests that the observed defect in HSN axon pathfinding cannot always be explained by lack of unc-40 expression.
Discussion
Here we have characterized the role of hlh-3 in nervous system development in C. elegans. Although hlh-3 appears to be expressed in all neural precursors, we find that hlh-3 mutants have a mostly functional nervous system. The only overt phenotype is defective egg laying, resulting from loss of functional HSN motor neurons. Specifically, HSNs of hlh-3 mutants lack markers of HSN identity, such as the neurotransmitter 5HT, and have morphological defects such as misdirected axon projection. Thus, overall, we conclude that hlh-3 is required for HSN differentiation.
bc248 and tm1688 are null alleles
In this study, we have focused on characterization of the bc248 allele. Although we find that an anomalous hlh-3-like transcript is generated from bc248, several lines of evidence strongly suggest that bc248 is a null allele. First, the deletion eliminates the basic region and helix I of the bHLH domain of HLH-3 (see Fig. 2C ). As revealed by the resolved structure of bHLH protein dimers bound to DNA, the highly conserved residues of the basic region make necessary contacts with DNA, whereas helix I mediates protein-protein interactions involved in dimerization (a necessary prerequisite for DNA binding) (Murre et al., 1989; Ellenberger et al., 1994; Ma et al., 1994) . Furthermore, the conclusion of chimeric studies involving bHLH subdomain swapping among Ac/Sc proteins is that the basic region and helix I are required for specific DNA binding and function, respectively (Chien et al., 1996; Nakada et al., 2004) . Taken together, this suggests that bc248 encodes a protein lacking the ability to bind DNA and function specifically. Second, the deletion eliminates eight of 11 amino acids conserved among all identified bHLH domains (see Fig. 2C ) (Ledent and Vervoort, 2001; Bertrand et al., 2002) . Indeed, missense mutations affecting only one of these 11 highly conserved residues result in strong loss-offunction alleles of both hlh-14 (Frank et al., 2003 ) (see Fig.  2C ) and lin-32 (Zhao and Emmons, 1995) . Third, bc248 is recessive with respect to the observed Egl phenotype, indicating that bc248 is unlikely to encode a protein with partial or novel function. Finally, the tm1688 allele represents a frameshift at amino acid eight of the putative protein encoded by bc248, arguably a molecular null. As bc248 and tm1688 show a similar Egl phenotype (see Fig. 3 and data not shown), this suggests that bc248 is also a null allele.
HSNs of hlh-3 mutants appear to fail commitment to differentiation
In this study, we have used various reporter genes and/or 5HT immunostaining to identify and characterize HSNs in hlh-3 mutants. We find that the HSNs often lack these markers of HSN identity and/or differentiation. We therefore propose that loss of hlh-3 results in a general block in HSN differentiation. However, due to limitations in visualizing all HSNs, particularly their morphology, the full magnitude, nature, and severity of HSN defects in hlh-3 mutants is unfortunately unclear. Despite these limitations, our genetic analysis suggests that hlh-3 mutants completely lack HSN function. Thus, although some HSNs of hlh-3 mutants show markers of HSN identity and appear grossly normal, these HSNs must have unobserved ultrastructural or molecular defects.
What is the fate of the HSNs that lack markers of HSN identity? Perhaps these cells abort differentiation and degenerate, similar to autonomic neurons in mouse Mash-1 mutants (Guillemot et al., 1993) . Indeed, Achaete and Scute can suppress apoptosis of neurons in Drosophila (Jafar- Nejad et al., 2006) . However, preliminary analysis using the ced-3(n717) mutation to block programmed cell death in an hlh-3 mutant background does not result in an increase in detectable HSNs (data not shown). Thus, this suggests that HSNs often stall in their differentiation program and persist in an undifferentiated state. Interestingly, this is not unique to hlh-3 mutants, as mutations in unc-86 and sem-4 result in a similar HSN phenotype (Desai et al., 1988) . As these genes also encode transcription factors (Finney et al., 1988; Basson and Horvitz, 1996) , HLH-3, UNC-86, and SEM-4 may represent a network of transcription factors that promotes and/or mediates HSN differentiation. This would be consistent with the general observation that neural differentiation involves complex, combinatorial transcription factor networks (Hobert, 2005) .
3.3.
hlh-3 is required for proper HSN axon pathfinding
In this study, we show that hlh-3 is required for proper HSN axon pathfinding. This relatively specific defect appears to be uncoupled from the more global block in HSN differentiation observed in hlh-3 mutants. This is based on the fact that most identifiable (i.e. 5HT-positive) HSNs have misdirected axon projection. HSN axon outgrowth essentially begins at hatching, although a single, emerging axon is not apparent until the L3 larval stage . Outgrowth, elongation, and fasciculation continue into young adulthood (Desai et al., 1988; Garriga et al., 1993) . As such, expression of hlh-3 in the HSNs throughout larval development suggests that it might function cell-autonomously within the HSNs to specify proper axon pathfinding. As the VC motor neurons also express hlh-3 during HSN axon outgrowth, it is worth noting here that the VCs are not required for this process (Garriga et al., 1993) . Accordingly, we propose that misdirected axon outgrowth resulting from loss of hlh-3 reflects defects in HSN interpretation of axon guidance cues, as opposed to problems with the cues themselves. Consistent with this, we find that some HSNs lack expression of a reporter gene for the UNC-40 netrin receptor in hlh-3 mutants. Although the link between hlh-3 and netrin signaling within the HSNs is not yet clear, we are currently taking several approaches to address this problem.
3.4.
HLH-3 is most likely the C. elegans ortholog of Drosophila Asense Several lines of evidence suggest that hlh-3 is an ortholog of Drosophila asense. First, among the proteins encoded by the Drosophila Ac/Sc genes, the bHLH domain of HLH-3 is most similar to the bHLH domain of Asense, based on 59% sequence identity (see Fig. 2C ). Of the four bHLH domain residues unique to HLH-3 and Asense, all are non-conservative acid/base or hydrophobic substitutions, primarily within the C-terminal half of helix I (see Fig. 2C ). Chimeric analysis involving Mammalian Achaete/Scute Homolog 1 (MASH-1) has revealed that helix I is required for promoting neural differentiation (Nakada et al., 2004) . Although specific residue requirements have not yet been defined by site-directed mutagenesis, it is interesting that HLH-3, Asense, and MASH-1 all share a glutamine to glutamate acid/base substitution within helix I relative to proneural achaete/scute complex genes (see Fig. 2C ). This residue is known to be exposed to the aqueous environment, and is thus a good candidate for specific protein-protein interactions required for neural differentiation (Ellenberger et al., 1994; Ma et al., 1994; Nakada et al., 2004) .
Second, consistent with expression of asense in all neural precursors in Drosophila , hlh-3 appears to be expressed in all neural precursors in C. elegans. Third, despite the pan-neural expression of asense, asense mutants have a largely intact and functional nervous system (Alonso and Cabrera, 1988; Gonzalez et al., 1989; Brand et al., 1993; Dominguez and Campuzano, 1993; Jarman et al., 1993) . Similarly, the only overt phenotype of hlh-3 mutants is a defect in egg laying, which is the manifestation of a defect in only two of the 302 total neurons of C. elegans (the HSNs). Lastly, unlike the other genes of the achaete-scute complex, asense has little endogenous proneural function (for review, see Bertrand et al., 2002) . Similarly, our studies have not revealed a proneural function for hlh-3, although this could be easily overlooked due to redundancy.
Experimental procedures
Caenorhabditis elegans strains
Nematodes were cultured as previously described (Brenner, 1974) . Strains were maintained at 20°C unless otherwise noted. Bristol N2 was used as wild-type. Additional strains with the following mutant alleles and/or transgenic arrays were used or generated in this study.
LGII: tph-1(mg280) (Sze et al., 2000) , hlh-3(bc248), hlh-3(bc277), hlh-3(tm1688).
LGIV: kyIs179 (unc-86::gfp) (Gitai et al., 2003) .
LGV: egl-1(n487) (Trent et al., 1983) , icIs103 (hlh-3::gfp). Unmapped: icIs132(unc-40::gfp) (Chan et al., 1996) , mgIs42(tph-1::gfp) (Sze et al., 2000) . Heterozygotes and double-mutant strains were generated using standard genetic techniques (Brenner, 1974) .
4.2.
Characterization of hlh-3 expression A 3.37 kb HindIII/SalI hlh-3 promoter fragment generated by PCR was subcloned into pPD95.77 and pRD12 to make phlh-3::gfp (pRD1) and phlh-3::NLS::DsRed2 (pRD15), respectively. pRD12 was generated by excising the AgeI/EcoRI GFP cassette from pPD95.69 and subcloning an AgeI/EcoRI DsRed2 fragment generated by PCR from pDsRed2-N1 (Clontech). pRD1 and pRD15 were each co-injected with pRF4 at 5 ng/ll and 100 ng/ll, respectively, to generate transgenic. Transformants were isolated and subjected to X-irradiation to generate integrants. Two independent integrants were isolated for each construct. For hlh-3::gfp, strain PD8133 (kindly provided by M. Krause) was subjected to gamma irradiation to generate integrants. A single integrant was isolated. All integrated lines were outcrossed to N2 at least four times. To observe expression, larvae were immobilized in droplets of 10 mM levamisole (Sigma) and mounted on 3% agarose pads for microscopy. Epifluorescence images were obtained using a Leica microscope equipped for fluorescence microscopy and an OpenLab digital camera system.
Isolation of hlh-3 mutants
Genomic DNA pools representing mutagenized nematodes were screened for deletions as previously described (Jansen et al., 1997) . Deletion mutants were identified by nested PCR, isolated from frozen stocks, and outcrossed to N2 at least four times. The genomic sequences flanking the bc248 deletion are ACA TCAATAAATGTAGACTGAAACT and TTGATTATTTCATGTAAAATT ATTT; For bc277, GAAGCCATCGCTTATTTTACTTATT and TTGCATT TTTCCATAGTTCTTAATC. Primer sequences used for genotyping available upon request.
4.4.
RT-PCR analysis of hlh-3 transcripts
Total RNA was isolated from embryos using standard protocols. cDNA was generated using the Invitrogen SuperScript TM III First Strand Synthesis System. Primers sequences used to amplify hlh-3 cDNA available upon request.
4.5.
Unlaid-egg and egg-laying pharmacology assays L4 larvae were selected and maintained at 20°C for $24 h. Assays were done at room temperature. For the unlaid-egg assay, individuals were dissolved in alkaline 1% sodium hypochlorite and the number and stage of unlaid eggs was determined by observation using a Leica dissecting microscope. For egg-laying assays, individuals were picked into wells of a 96-well microtiter plate containing 100 ll of M9 buffer, M9 plus 5 mg/ml serotonin (Sigma H-7752), or M9 plus 0.75 mg/ml imipramine (Sigma I-7379). The number of eggs released was counted at one hour for serotonin and 1.5 h for imipramine.
4.6.
Immunostaining for serotonin
Synchronized, young adult hermaphrodites were harvested and fixed in 4% paraformaldehyde for 15 h at 4°C. Immunostaining was done as described in detail elsewhere (Loer and Kenyon, 1993) . Briefly, the protocol is as follows: (1) incubation in 5% bmercaptoethanol for 15 h at 37°C; (2) incubation in 2000 U/ml collagenase type IV (Sigma C-5138) for 10 min at 37°C; (3) incubation in 5% BSA for 3 h; (4) incubation in 1:50 rabbit anti-serotonin antibody (Sigma S-5545) for 15 h at room temperature; (5) incubation in 1:800 Cy3-conjugated donkey anti-rabbit IgG (Jackson) for 24 h at 4°C. Immunostained nematodes were mounted, observed, and imaged as described above.
